Phonon, Two-Magnon and Electronic Raman Scattering of Fei +3/ Tei_ x Se 
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We have measured Raman scattering spectra of single-crystalline FeTeo.6Seo.4 (T c ~ 14.5 K) and 
its parent compound Fei.o74Te at various temperatures. In the parent compound Fei.o74Te, A\ g 
and Big modes have been observed at 157.5 and 202.3 cm -1 , respectively, at 5 K. These frequencies 
qualitatively agree with the calculated results. Two-magnon excitation has been observed around 
2300 cm -1 for both compounds. Temperature dependence between the electronic Raman spectra 
below and above T c has been observed and 2A and 2A/fcsTc have been estimated as 5.0 meV and 
4.0, respectively. 

PACS numbers: 74.25. nd, 74.25.nd, 74.25.Kc, 63.20.D-, 74.25.Ha 



o 
o 

s : 

a ■ 



i 

G 

O 

o 



> 

CO 
CN 

d 



I. INTRODUCTION 
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Since the discovery of superconductivity in 
LaFeAsOi_ y F y (1111 system) with T c = 26 K£ 
extensive researches has been devoted to the iron-based 
superconductors. Immediately after the discovery, T c en- 
hancement of LaFeAsOi-yFy under high-pressure upto 
- 43 K 2 and higher T c (~ 55 K) of SmFeAsOi_ y F a 3 
has been found. Up to now, various iron-based super- 
conductors with the different crystal structures has been 
discovered such as Bai_ a; K a ;Fe2As2 (122 system)^ 
LiFeAs (111 system)^ Fei+^Tei-^Se^ (11 system)^ 
Sr 4 V 2 6 Fe 2 As2 (42622 system) ,±i and so on. These 
iron-based superconductors commonly have FePn^ (Pn: 
pnictogen) or FeCh 4 (Ch: chalcogen) tetragonal layers. 
In addition, there are some other common features in 
the iron-based superconductors, i.e., antiferromagnetic 
(AFM) ordering in the parent compound, nesting 
feature of the Fermi surfaces (FS), and so on. FS of 
these iron-based superconductors have been calculated 
on the basis of the density functional theory (DFT) 1 ^— 
and it has been pointed that hole FS around T point and 
electron FS around M point are nearly nested. This has 
been confirmed by the calculations of Lindhard response 
function! 13 i 15 ~ — The importance of spin fluctuations 
due to the nesting feature of FS and a possibility of s± 
superconducting-gap symmetry have been proposed] 19 i 20 
Experimentally, FS similar to the DFT result s 21 ' 22 and 
AFM ordering in the parent compounds 23-25 have been 
observed. 

Superconductivity of 11 system has first discovered by 
Hsu et al£. in FeSe with T c ~ 8 K. T c of substituted 
compounds reaches up to ~ 14 K at x = 0.4. 10 Un- 
der hydrostatic pressure, T c of Fei+^Se is enhanced to 
~ 37 K around 7-9 GPa i 26 i 27 Among the iron-based su- 
perconductors, 11 system has the simplest structure and 
consists of only FeCft-4 layer. 28 Hence, 11 system can be 
assumed to be suitable to reveal the relationship between 
the crystal structure and the origin of superconductivity. 
However, important differences between 11 system and 



the other iron-arsenide superconductors should be noted, 
i.e., while the iron arsenide superconductors show single- 
stripe AFM ordering^ 3 - - — and those AFM wave vector 
Qaf — (7r,7r) coincide with the T-M nesting vector be- 
tween the hole FS around T point and the electron FS 
around M point. However, Fei+ y Te shows a double- 
stripe AFM ordering and its Qaf = (Sn, 0) is rotated 
by 45° from the nesting vectori 25 ' 29 5 is tunable depend- 
ing on the amount of the excess irons and can be in- 
commensurate for the large Hence, 11 system can 
be regarded as a counter example that the nesting con- 
dition is not crucial for the AFM ordering. Hence, we 
may have to reconsider the relationship between the su- 
perconductivity and the spin fluctuation. On the other 
hand, an inelastic neutron scattering (INS) measurement 
in FeTeo.eSeo.4 reveals a resonance feature below T c with 
the excitation energy of 6.5 meV and the wave vector of 
(jt,tt)M- Since this wave vector corresponds to the nest- 
ing vector, there is a possibility that while the long range 
AFM ordering in the parent compound of 11 system is 
not related to the FS nesting, the spin fluctuation with 
the (71", 7r) nesting wave vector is crucial for the emergence 
of superconductivity. 



In this paper, we have reported the phonon, two- 
magnon, and electronic Raman scattering of the 11 sys- 
tem Fei.o74Te and FeTeo.gSecu at various temperatures. 
Because the parent compound Fei.o74Te has a simulta- 
neous structural and magnetic transition, some anomaly 
around the transition temperature can be observed in the 
phonon and/or magnon Raman scattering. On the other 
hand, it is interesting that how the Se-substitution effects 
are observed in the two-magnon excitation of the par- 
ent AFM compound Fei.o74Te. This could be an impor- 
tant clue to reveal the relationship between the magnetic 
fluctuations and superconductivity. From the electronic 
Raman spectra, the size and symmetry of the supercon- 
ducting gap could be determined. 
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(a) Fei.o74Te and (b) FeSeo.6Teo.4- T s and T c have been con- 
firmed as ~ 58 K and 14.5 K, respectively. 
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II. EXPERIMENTAL 

Single crystals of Fei+yTei_ x Se x were grown by a melt- 
growth technique. Nominal compositions of the grown 
crystals were FeTen.g and FeTeo.5Seo.5- The detailed 
procedures have been described in Ref. HH. The actual 
compositions were confirmed by the inductively coupled 
plasma (ICP) analysis as Fei.o74Te and FeTeo.eSeo.4, re- 
spectively. The structural and magnetic transition tem- 
perature T s of the parent compound Fei.o74Te and the su- 
perconducting transition temperature T c of FeSeo.6Teo.4 
were confirmed by a superconducting quantum interfer- 
ence device (SQUID) magnetometer as shown in Fig. [T] 
T s and T c were ~ 58 K and 14.5 K, respectively. Raman- 
scattering spectra were measured with the fresh cleaved 
surfaces in a quasibackscattering configuration using a 
5145 A Ar ion laser, a triple monochromator, and a 
liquid-nitrogen-cooled CCD detector. The laser power 
was set to 20 mW and the laser spot was focused to 
50x500 /im 2 on the sample surface. The wide-energy 
spectra were obtained by shifting the central wave num- 
ber of the spectrometer. The obtained spectra were cor- 
rected for the efficiency of the spectrometer utilizing a 
standard lamp to keep the constant response for the 
light power. The polarization configuration is denoted 
by ki(Ei 7 E s )k s , where ki(k s ) is the direction of the wave 
vector of incident (scattered) light and Ei(E s ) is the po- 
larization of the incident (scattered) light. The spectra 
were measured at four polarization configurations c(aa)c, 
c(ab)c, c(xx)c, and c(xy)c in the a&-plane, where a and 
b denote the crystallographic a- and 6-axis, respectively 
and x and y are the directions rotated by 45° from a-axis 
and 6-axis in the afe-plane, respectively. The Raman ac- 
tive symmetries are Ai g + B\ gi £?2 9 , A\ g + i?2 9 , and B\ g 
for (aa), (ab), (xx), and (xy) polarization configurations, 
respectively. 

III. CALCULATION 

We have also performed calculations of the phonon 
modes of FeSe and FeTe in a non-magnetic tetragonal 



FIG. 2: (Color online) Temperature-dependent phonon Ra- 
man spectra of Fei.o74Te. A\ g and B\ g modes have been 
observed at 157.5 cm -1 and 202.3 cm -1 , respectively, at 5 K. 



phase in the framework of the density-functional pertur- 
bation theory based on the plane-wave basis method us- 
ing the Quantum-Espresso code^ 2 - The lattice parame- 
ters a = 3.8097 A and c = 6.2756 A for FeTe and a = 
3.7696 A and c = 5.520 A for FeSe were used accord- 
ing to the X-ray diffraction measurements by Mizuguchi 
et al££ The internal parameter z corresponding to the 
chalcogcn height from the iron plane was optimized via 
energy minimization. The optimized parameter z was 
0.2507 for FeTe and 0.2343 for FeSe, respectively. These 
values are almost the same with the those used by Subedi 
et alM The cutoff energies were 50 Ry for the wavefunc- 
tions and 500 Ry for the electron density, respectively. 

IV. RESULTS AND DISCUSSION 

A. Phonon Raman Scattering 

From the group theory considerations, T-point phonon 
modes of the tetragonal Fe(Te,Se) can be expressed as 
r = Ai g + 2A 2u + B Xg + 2E g + 2E U . While the Raman- 
active modes T Raman = A lg + B lg + 2E g , A lg and B lg 
modes can be observed in our measurements. Figured 
shows phonon Raman spectra of Fei.o74Te in all the mea- 
sured configurations. From the polarization dependence, 
we have concluded that A\ g and B\ g modes have been 
observed at 158 cm" 1 and 202 cm" 1 , respectively, at 5 K. 
Although Aig mode should not be observed in the (ab) 
and (xy) configurations, this mode has been observed 
weakly also in those configurations. This should be due 
to the leakage of other polarization components. While 
the peak positions have slightly shifted to the higher en- 
ergies with decreasing temperature, any distinct change 
has not been observed across the magnetic and structural 
transition temperature T s . In other phonon Raman scat- 
tering measurements, Xia et al. have reported that A\ g 
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TABLE I: (Color online) The results of phonon-mode calcu- 
lation and comparison with the Raman measurements 
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FIG. 3: (Color online) Atomic-displacement patterns of Ra- 
man active optical modes of Fe(Te,Se). 




c(ab)c 



FeTe oe Se , 
5 K 



o 
CO 





Energy Shift (cm 



FIG. 4: (Color online) Comparison of phonon Raman spec- 
tra between the parent compound Fei.o74Te and the super- 
conducting FeTeo.6Seo.4- Ai g and Bi g modes of FeTeo.6Seo.4 
have been observed at 161 cm -1 and 202 cm -1 , respectively, 
at 5 K. 



placed atoms, and activities have been listed. The ex- 
perimental results of Fei.o74Te also have been listed. The 
calculated frequencies of A\ g and B\ g modes of FeTe are 
qualitatively in accord with the the observed peak po- 
sitions. The atomic displacement patterns of Raman- 
active modes are shown in Fig. [3] The observed A\ g and 
Big modes can be assigned to the c-axis anti-phase vibra- 
tion modes of the chalcogens and the irons, respectively. 

Figure [4] shows a comparison of phonon Raman spec- 
tra between the parent compound Fei.o74Te and the 
superconducting FeTeo.6Se 4. A lg and B lg modes of 
FeTen.6Seo.4 have been observed at 161 cm -1 and 202 
cm , respectively, at 5 K. Because B\ g mode is an iron 
vibration mode, this energy is almost the same between 
these two compounds. On the other hand, A\ g is a 
chalcogen vibration mode, this energy is slightly larger 
for FeTen.6Sen.4. However, the energy difference of B lg 
mode between Fei.o74Te and FeTen.6Seo.4 seems to be too 
small as compared to the calculated results for FeTe and 
FeSe. This would be related to the facts that difference of 
the lattice constants between FeSe and substituted com- 
pound FeTei-zSe^ are relatively large and that a misci- 
ble region exists around x = 0.7 — 0.95 33 . Furthermore, 
the width of B\ g mode seems to be much broader for 
Fei.o74Te. This may be due to the inhomogeneity at the 
iron sites. As far as characterized by ICP, while the par- 
ent compound Fei.o74Te include excess irons, they cannot 
be detected in the superconducting FeTen.6Seo.4. 



and B\ g modes are 159.1 cm -1 and 196.3 cm -1 , respec- 
tively, for single- crystal FeTen.92 34 and Kumar et cd. have 
reported that those are 160 cm -1 and 224 cm -1 , respec- 
tively, for polycrystalline FeSeo.82^ 

Table Q] shows a summary of the calculated results for 
the optical phonons of FeTe and FeSe. The irreducible 
representations, frequencies, main contribution of dis- 



B. Two-magnon Raman Scattering 

Figure [5] shows Raman spectra of Fei.o74Te in the 
wider-energy region up to 7000 cm -1 (~ 870 meV). 
Broad peak structures have been observed in all the con- 
figurations at ~ 2300 cm -1 (~ 285 meV). Furthermore, 
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FIG. 5: (Color online) Temperature-dependent Raman spec- 
tra of Fei.o74Te with the wider-energy region up to 7000 cm -1 . 
Broad peak structures around 2300 cm" 1 is assigned to the 
two-magnon excitation. Broad weak edge structures around 
300-800 cm -1 observed below T s are denoted by the arrow 
in the (ab) configuration spectra and are considered to be 
related to the magnetic transition. 



broad weak edge structures seem to evolve around 300- 
800 cm" 1 (37-99 meV) below T s as denoted by the arrow 
in the (ab) configuration spectra of Fig. [SJ We have as- 
signed the broad peak structures around 2300 cm" 1 to 
the two-magnon scattering and the weak edge structures 
to the excitation related to the magnetic transition. In 
the Raman spectra of BaFe2As2 (Bal22), similar broad 
peak and weak edge structures have been observedi 36 i 37 
The weak edge structures evolve below the spin-density- 
wave (SDW) transition temperature T$dw around 400 
and 800 cm" 1 for Bal22. In the optical conductivity 
<j(uj) of Bal22, also, double-peak structures develop be- 
low Tsdw and this feature is considered to be related 
to the SDW gap. 38 On the other hand, SDW gap has 
not been observed in a(uj) of Fei.osTe^ However, ct(cj) 
of Fei.osTe shows a prominent temperature dependence 
below 500 cm" 1 below Ts- The edge structure around 
300-800 cm" 1 in the Raman spectra of Fei.o74Te also 
should be related to the magnetic transition. 

The energy of two-magnon scattering is also similar be- 
tween Fei.osTe and Bal22. 36,37 This may be surprising 
at first glance, because the magnetic structure is different 
between Fei.osTe and Bal22. While Bal22 has a single- 
stripe AFM structure with the AFM wavevector Qaf = 
(tt, 7r), Fei+ y Te has a double-stripe AFM structure with 
Qaf = (<5tt, 0). It is natural that one can expect different 
magnetic interactions from the different AFM structures. 
In the single-stripe AFM structure, there are two kinds 
of the first-nearest-neighbor exchange interactions, the 
AFM interaction J la and the ferromagnetic (FM) inter- 
action Jm,. The second-nearest-neighbor interaction is 
only one kind of J2. On the other hand, in the double- 
stripe AFM structure, the second-nearest-neighbor inter- 
action is also two kinds, the AFM interaction J 2a and 



FIG. 6: (Color online) Comparison of two-magnon spectra 
between the parent compound Fei.o74Te and the supercon- 
ducting FeTeo.6Seo.4- 



the FM interaction J 2 b- These notations are according 
to Han et al^-^ They have estimated exchange interac- 
tions of various iron-based superconductors. Experimen- 
tally, Zhao et al. have confirmed that the maximum spin- 
wave bandwidth of Cal22 is ~ 200 meV by the INS mea- 
surements and deduced the exchange parameters SJ\ a = 
49.9 meV, SJ lb = -5.7 meV, SJ 2 = 18.9 meV42 These 
values are qualitatively in agreement with estimation by 
Han et a/4£ Also, the one-magnon energy can be ap- 
proximately estimated by energy difference between the 
ordered state and the excited state with the one spin ro- 
tated toward the opposite direction. In the single-stripe 
AFM structure, the one-magnon energy can be estimated 
as 2S(J\ a — Jib + 2J 2 ) and this corresponds to 186.8 meV 
using the exchange parameters deduced by the INS mea- 
surements and roughly in agreement with the maximum 
one-magnon energy of the INS measurements. On the 
other hand, the two-magnon energy can be estimated by 
energy difference between the ordered state and the ex- 
cited state with the two neighbor opposite spins rotated 
toward the each opposite directions, because the total 
spin quantum number should be conserved by the Ra- 
man scattering. Although there are two kinds of the two 
neighbor spins with the opposite directions in the single- 
stripe AFM structure, if we assume that the two-magnon 
excitation energy can be estimated by the minimum value 
of the energy difference between the two states, it can be 
estimated as 4S'(Ji a — Ju, + 2J 2 ) — J\ a and this corre- 
sponds to 323.7 meV by supposing 5 = 1. 

For the case of 11 system, the exchange interactions 
have been estimated as SJ\ a = -7.6 meV, SJu = -26.5 
meV, SJ 2a = 46.5 meV, and SJ 2b = -34.9 meV for the 
double-stripe Fei.o6sTe by Han et a?4i based on the 
first-principle calculations. As the above approximate 
estimation, the one-magnon and two-magnon energy in 
the double-stripe AFM structure can be estimated as 

2S(Ji a — Jib + J2a — J2b) and 4S(Jl a — Jlb + -ha — J2b) — 'ha, 
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respectively, and these values correspond to 200.6 meV 
and 354.7 meV, respectively. The observed two-magnon 
peak is somewhat smaller than this estimated value. 
However, the peak energy of the two-magnon scatter- 
ing can be smaller than the estimated value from the 
one-magnon energy because it depends on the details of 
magnon dispersion relations. Hence, we can say that the 
peak energy of the two-magnon scattering is reasonable 
and it is also reasonable that two-magnon energies are 
similar between Fei.o74Te and Bal22. From the INS mea- 
surements of superconducting and non-superconducting 
FeTei-^Sea;, it is insisted that the spin excitation spec- 
trum extends above 250 meV by Lumsden et aZ.4£ 

Figure [6] shows a comparison of the two-magnon spec- 
tra between the parent compound Fei.o74Te and the 
superconducting FeTeo.6Seo.4- One can see that the 
two-magnon spectra are almost the same between these 
two compounds. This is rather surprising because 
FeTeo.6Seo.4 no longer shows long-range magnetic order- 
ing. For the case of the hole-doped high-T c cuprates, 
while the two-magnon peak of the AF parent compounds 
is relatively sharp in the B\ g spectra, it becomes broader 
and the peak energy becomes smaller with hole dop- 
ing^ However, because Se substitution is isovalent dop- 
ing and the parent compound Fei.o74Te is an itinerant 
antiferromagnet, while the parent compound of the high- 
Tc cuprates is an antiferromagnetic insulator, it may 
be reasonable that doping dependence is so different 
from the cuprates. Anyway from these results, we can 
say that almost the same magnetic excitations and/or 
magnetic fluctuations exist even in the superconducting 
FeTeo.6Seo.4 with the antiferromagnetic Fei.o74Te. 

As for the selection rule of the two-magnon scattering, 
if the ordered magnetic moments are originated from the 
localized spins and Hamiltonian of the system can be 
described by the Heisenberg model including only the 
nearest neighbor exchange interactions, the two-magnon 
scattering Hamiltonian can be given by 4 ^ 



H 2 ma9 — A \ (E inc ■ (Tij)(E sc ■ (Tij)(Si ■ S 



<ij> 



.))■ 



where 2Sj nc , E sc are polarization vectors of the incident 
and scattered light, respectively, cr^ is a unit vector con- 
necting the nearest neighbor sites i and j, and Si, Sj 
are spin operators at the site i and j, respectively. Even 
using this Hamiltonian, the selection rule can be varied 
when the crystal and magnetic structures are different. 
In addition, when not only the nearest neighbor inter- 
actions but also further interactions exist, the selection 
rule can be complex. At least, when the second nearest 
neighbor interactions are finite, the two-magnon scatter- 
ing should be active in B\ g and Bi g mode. In this case, 
two-magnon scattering can be observed in all our po- 
larization configurations. However, for the case of the 
iron-based superconductors, since the electric resistivity 
of parent compounds are metallic, it should not have 
been settled whether the localized spins exist or not 42 . 
Hence, the above selection rule might not be applied to 



1 c(aa)c 

T A, " +B " A 


5 K 


1 — i — i h 

A , , y 


15 K - 20 K 




— 50 1 00 1 50 200 250 300 50 1 00 1 50 200 250 300 



c(ab)c 



20 K 
5 K 



c(xy)c 


20 K 
5 K 






fi5K-20K 







50 100 150 200 250 300 50 100 150 200 250 300 

Energy Shift (cm 1 ) 

FIG. 7: (Color online) Electronic Raman spectra of 
FeTeo.6Seo.4 above and below T c and difference spectra. Dip 
structures are denoted by the arrows in the (aa) and (xx) 
configuration spectra. 



the present system. Anyway, we consider that it would 
be intrinsic that the two-magnon peak has been observed 
for all our polarization configurations. 



C. Electronic Raman Scattering 

Finally, we would like to show the spectra of the elec- 
tronic Raman scattering. Figure [7J shows the Raman 
spectra in the low-energy region measured below T c (5 
K) and above T c (20 K), and the difference spectra be- 
tween these two spectra. Scattering intensity below 100 
cm -1 should be contributed from the electronic scat- 
tering. Because the intensity of the electronic Raman 
scattering is proportional to the square of the inverse 
effective-mass tensor \jpd 2 e/dk a dkp\ 2 ^ the momentum 
dependence of Raman scattering intensity can be com- 
plex for the case of the multiband system like iron-based 
superconductors. We have calculated the Raman form 
factor for each polarization configuration based on the 
unfolded 5-band tight-binding (TB) model. Figure [7] (a) 
shows the band dispersions of the unfolded 5-band TB 
model reproduced from Ref. HtJ Fermi level (Ep) has 
been shifted to reproduce three hole FS observed by the 
ARPES measurements of Fei.o4Teo.66Seo.34^& as shown 
in Fig. [8] (b) . Although the parameters of this TB model 
is evaluated from the first-principle band-structure cal- 
culation of LaFeAsOi-aTj;, the curvatures of each band 
around Ep are approximately the same as those of the 
first-principle calculations for FeTe.— This has been also 
confirmed by comparison with our own calculation results 
with the Quantum-Espresso code. The calculated mo- 
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FIG. 8: (Color online) The band structure of the unfolded 5-band tight-binding model reproduced from Ref. 120 . Colors are 
distinguished by the contributions of each orbital. Fermi level has shifted to reproduce three hole FS observed by ARPES. 46 
(b) Fermi surfaces deduced from the 5-band tight-binding model, (c) The top, middle, and bottom panels show the Raman 
form factors \jpd 2 e/dk a dkp\ 2 of all the measured polarization configurations for the XZ, YZ and X 2 -Y 2 bands, respectively. 
The contributions to the electronic Raman scattering is significant at the white or red regions overlapped with each FS sheet 
represented by the yellow (XZ band), green (YZ band), and blue (X 2 -Y 2 band) lines, respectively. 



mentum dependence of the electronic-Raman-scattering 
intensity is shown in Fig. [5] (c). Because only the XZ, 
YZ and X 2 -Y 2 bands cross the Ep, we have shown only 
these three bands. One can recognize that the electronic 
Raman scattering is intense for the (aa) and (xx) polar- 
ization, and that relatively large contributions are from 
the inner XZ/YZ hole FS around (0,0) point and the 
electronic FS around (7r,0) point for both configurations. 
However, we must note that Ai g spectra can be par- 
tially screened by the long-range Coulomb interactions. 47 
In the difference spectra shown in Fig [3 dip structures 
around 40-45 cm -1 (= 5.0-5.6 meV) can be recognized 
for (aa) and (xx) configurations as denoted by the ar- 
rows. These dip structures can be attributed to decrease 
of density of states at Ep below T c . Although the pair- 
breaking peak has not been observed, which is probably 
because T c is too low to be observed by our measure- 
ments, if we assume that the dip positions corresponds 
to 2A, this gives a reduced gap value 2A/fcsT c = 4.0- 
4.5. These values are slightly larger than the reported 
value from the STS measurements^ but our estimation 
of 2A should be only able to give the upper limit of this 



value. It is consistent with the s± symmetry of the super- 
conducting gap that the dip structure can be observed in 
the (aa) and (xx) polarizations, because in these polariza- 
tions, the excitations of A\ g symmetry can be observed. 
Hence, we have concluded that these temperature and 
polarization dependence of the electronic Raman spectra 
is consistent with the STM/STS resultsi^LM 

Recently, electronic Raman scattering of 
Ba(Fei_ a; Co a ;)2As2 has been reporte d 36 ' 49 and a 
clear pair breaking peak has been observed for i?2 9 
spectrum. Muschler et al. have insisted that the B^g 
spectrum mainly probes the electronic FS around M 
point, while the A\ g spectrum has the largest contri- 
bution from the interband scattering involving the hole 
bands. On the other hand, Sugai et al. have proposed 
that the pairing symmetry of orbital combination is Big 
and that of momentum space is A± g . Mazin et al. have 
calculated the symmetry dependent electronic Raman 
scattering based on the first-principles calculations 50 . 
This difference between 122 system and 11 system would 
be originated from the difference of band structures. 
Mazin et al. have pointed out that the band structure of 
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122 system is more three-dimensional (3D) than other 
iron-based superconductors. They also have pointed 
out that because the crystallographic symmetry of 122 
system is body-centered tetragonal (bet) and different 
from other iron-based superconductors, which have 
primitive tetragonal structures, band folding from the 
unfolded Brillouin zone is rather complex. Furthermore, 
because Ba(Fei_ x Co ;c )2As2 is an electron-doped system 
while FeTei-ajSe^ is an isovalent-doping system, the 
size of FSs also should be rather different. From these 
reasons, the superconducting gap may be observed in 
the different symmetries between Ba(Fei_ :c Co a ;)2As2 
and FeTei^^Sej;. 

V. CONCLUSION 

In summary, we have observed the phonon, two- 
magnon, and electronic Raman scattering of the iron- 
based superconductor FeTei-^ Se^. The A lg and B\ g 
phonon modes at 5 K have been observed at 158 cm -1 
and 202 cm -1 , respectively, for the parent compound 
Fei.o74Te and at 161 cm -1 and 202 cm" 1 , respectively, 
for the superconducting FeTeo.6Seo.4. These modes have 
been assigned to c-axis anti-phase vibration modes of the 
chalcogens and irons, respectively. The frequencies of 
the observed phonons are reasonably in accord with the 
calculated results. Two-magnon scattering has been ob- 



served as broad peak structures around 2300 cm" 1 (~ 
285 meV) and the broad weak edge structure around 300- 
800 cm" 1 (~ 93 meV) has been observed below the mag- 
netic and structural transition temperature T s (= 57 K) 
in the spectra of the parent compound. The broad weak 
edge structure observed below T s is considered as associ- 
ated to the magnetic transition. We have estimated the 
two-magnon energy as 45(J ia - Ju + -ha - Jib) - -ha, 
which corresponds to 354.7 meV using the theoretically 
estimated values of exchange interactions, the observed 
two-magnon peak is somewhat smaller than the esti- 
mated value. However, because the peak energy of the 
two-magnon scattering depends on the details of magnon 
dispersion relations, we have concluded that the observed 
two-magnon excitation energy is reasonable. In the 
spectra of the superconducting compound FeTeo.6Seo.4, 
also, almost the same two-magnon spectra have been ob- 
served. This is rather surprising because FeTeo.6Seo.4 no 
longer has a long-range magnetic ordering. This indi- 
cates that almost the same magnetic excitations and/or 
magnetic fluctuations exist even in the superconducting 
FeTeo.6Seo.4 with the antiferromagnetic Fei.o74Te. The 
difference of the electronic Raman spectra between below 
T c (5 K) and above T c (20 K) has been deduced and dip 
structures around 40-45 cm" 1 (= 5.0-5.6 meV) for (aa) 
and (xx) configurations. This means that the supercon- 
ducting gap has a A\ g symmetry and consistent with the 
STM/STS results. 
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